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INTRODUCTION

The laser radar,or lidar (for light detection and ranging) is an important tool for atmospheric

studies. Lidar provides a unique and powerful method for unobtrusively profiling aerosols, wind,

water vapor, temperature, and other atmospheric parameters. This brief overview of lidar remote

sensing is focused on atmospheric applications involving pulsed lasers. The level of technical

detail is aimed at the educated non-lidar expert and references are provided for further

investigation of specific topics. The article is divided into three main sections. The first describes

atmospheric scattering processes and the physics behind laser-atmosphere interactions. The

second section highlights some of the primary lidar applications, with brief descriptions of each

measurement capability. The third section describes the practical aspects of lidar operation,

including the governing equation and operational considerations.

BACKGROUND

Remote sensing can be generically defined as the act of measuring some aspect of an object

without actually being in contact with the object. Although many disciplines use remote sensing

techniques, atmospheric science is a discipline with particular need for remote sensing

measurements. Early remote sensing techniques such as sounding rockets and balloons have

given way to new classes of active and passive remote sensors. The first significant active remote

sensing advancement was the development of radar. Introduced during World War II and

perfected for scientific uses thereafter, radar has become a primary tool for atmospheric studies.

The next advancement came with the development and deployment of weather satellites.



Operation of weather satellites such as GOES, TIROS-N, and DMSP have allowed

unprecedentedadvancesin atmosphericscienceandoperationalforecasting.(1)

Among themorerecentdevelopmentsin remotesensingis the laserradar,or lidar (which stands

for light detection and ranging). In essence, lidar is optical radar, operating in the visible and

near-visible wavelength regions. The first true lidar measurements were made in 1963 using a

pulsed ruby laser.(2) By the mid-1960s it was clearly establishedthat lasers could provide an

optimal source of electromagnetic radiation for atmospheric studies.(3)(4) With highly

monochromatic and collimated output beams and with discrete pulses of energy lasers quickly

became the focus for instrumentation to study the atmosphericstate. Since the late 1960s, lidar

remote sensing has been used to measure cloud and aerosol properties, wind motions,

temperature, major and trace constituent concentrations, and numerous other atmospheric

parameters. Other applications, such as profiling of surface topography and measurements of

ocean color also rely on the basic concept of lidar remote sensing.

In the most fundamental sense, all lidar systems consist of a transmitter and a receiver. The

transmitter invariably includes the laser and a beam expander to set the outgoing beam

divergence. If azimuth-elevation scanning is desired the system also has a mirror system to direct

the beam to the proper angles. The receiver includes a telescope to collect backscattered signal,

appropriate optics to direct the return signal from the telescope to the detector, and a detector(s)

to count the signal. Figure 1 shows a high-level view of the genetic lidar system.



Specific characteristicsof the lidar systemaredeterminedby the parameter(s)to be measured.

Different atmosphericparameters levy different requirements on the laser. For example,

cloud/aerosolmeasurementscanutilize broadbandmulti-modelasers,whereasmeasurementsof

constituentconcentrationor wind require narrow linewidth, single longitudinal mode lasers.

Similarly, eachatmosphericparameterimposesdifferent requirementson the receiversystem.

Photonsbackscatteredto thereceivercontaininformationonphysicalandspectralcharacteristics

of thescatteringparticles.The specificcharacteristic(s)to bemeasureddeterminesthe specifics,

andthecomplexity,of thereceiver.Windmeasuringlidars.mustbecapableof resolvingDoppler

shifts,depolarizationlidarsrequireopticsfor polarizationdiscrimination,andRamanlidars must

beableto isolatespecificabsorptionfeatures.Sufficeto saythatmost lidar systemsarespecific

to measuringa certain variable. Designing a systemwith the flexibility to measureseveral

different variablesseemsnot to bea considerationfor mostresearchers.Onenotableexception,

however, is the Arctic Lidar Observatory for Middle Atmosphere Research(ALOMAR)

Rayleigh/Mie/Ramansystem,which isdesignedto simultaneously,measuredensity,temperature,

winds,andcloud/aerosolproperties.(5)

ATMOSPHERICSCATTERINGPROCESSES

Before discussingdetailsof lidar systemsandmeasurementsit is necessaryto understandhow

the atmosphereinteractswith radiation.This discussionwill provide only a cursoryoverview,

but severalexcellentreferencesexist that canbeconsultedfor more detail.(6)(-7)(8)Laser light

propagatinginto theatmospherewill be transmitted,reflected,or absorbedwhenit encountersa

particle. Which process occurs at any given radiation-particle interface depends on the



wavelengthof the incident radiationandthe physical characteristicsof theparticle. Particlesin

theatmosphereareclassifiedinto two groups: moleculesandaerosols.Eachgrouphasdistinctly

different physical and scattering characteristicsand it is important to understandthe basic

differencesbetweenthetwo.

Molecular scattering representsthe minimum scattering that can occur at any level in the

atmosphere.That is, molecules arepresent even in regionswhere aerosolsare not and thus

representa backgroundscattering.Another characteristicof moleculesis their small size,with

radii on the order of 10-4 lam. Scattering by molecules is termed Ralyeigh scattering after Lord

Rayleigh who first developed the mathematical description for scattering by small particles.

Rayleigh scattering theory applies to particles with radii less than 0.03 times the wavelength of

the incident radiation (r < 0.03)_). Most notably, Ralyeigh scattering is characterized by a _-4

dependence. The strong wavelength dependence means that shorter wavelengths are scattered

more efficiently than longer wavelengths.

When light is incident on a particle, the particle removes energy from the light wave and re-

radiates the energy. The pattern of radiated energy is centered on the particle and is characteristic

of the size of the particle relative to the wavelength of the incident light. This should not be

surprising, since larger particles present a larger obstacle to the light wave. The radiated (or

"scattered") energy is not necessarily distributed uniformly, as illustrated in Figure 2, which

shows scattered energy patterns (called phase functions) as a function of angle for different

relative particle sizes. Molecular scattering is characterized by equal amounts of energy scattered

in the forward and backward directions, as shown in Figure 2(a). One further way to differentiate



molecularandaerosolscatteringis by the scatteringcross-section.Thescatteringcross-section

describeshow largeanobstructiona particlepresentsto anincident light waveand is relatedto

the integral areaof the phasefunction.Typical Rayleigh scatteringcross-sectionsat visible

wavelengthsareon theorderof 10.27cm2.(9)

A final differencebetweenaerosolandRayleighsc.atteringis thespectralwidth of the scattered

light. Light scatteredfrom bothaerosolsandmoleculeswill bespectrallybroadened(Doppler-

broadened)due to random thermal motions.Aerosol scatteringhasonly a small broadening

effect,characterizedby a Lorentizianform,becausethe relativelymassiveaerosolparticleshave

little thermal velocity.(10)(11) Molecules, however, are lighter and have greater thermal

velocity, leadingto considerablespectralbroadening.Typical Rayleighscatteringwidths in the

visible region areon the order0f 2 GHz, andthe spectralshapeis characterizedby a Gaussian

function.(10)Thedifferencein spectralwidthsis illustratedin Figure3.

As theparticle radius increasesbeyond_0.03)_,Rayleightheorybreaksdown.Mie theorywas

developedto describescatteringby largerparticles,andMie theoryreducesto Rayleightheory

for smallparticlesizes.Mie scatteringtheoryis necessaryto describescatteringby largeaerosol

particlesandis characterizedby complicatedphasefunctions,asshownin Figure 2(b,c).As the

particle size increases,the scatteringpatternbecomesincreasinglycomplex and more of the

scatteredlight is concentratedin the forward direction. Also, asthe particle size increases,the

scatteringhaslessdependenceonwavelength..Cloudsandfog are composedof large droplets

(radii _1-10 lam)that scatterlight accordingto Mie theory.This explainswhy clouds,fog, and

hazeappearwhite, sinceall wavelengthsscatteraboutequally.For comparisonwith Rayleigh



scattering,typical aerosolscatteringcross-sectionsareon the orderof 10-14 cm 2. The distribution

of aerosols is not as uniform as that for molecules and there are large regions of the atmosphere

with little aerosol content.

In addition to simple elastic scattering, other processes can occur when radiation encounters a

particle. Absorption in the atmosphere occurs when the incident radiation is at the same

wavelength as an absorption line in a molecular species. Primary absorbing species in the

atmosphere are water vapor, carbon dioxide, and ozone. Resonance scattering occurs if the laser

wavelength is matched to the wavelength of an atomic or molecular transition. Raman scattering

is an inelastic scattering process that can occur if the energy difference between the .incident and

radiated photon matches a transition between energy levels in a molecule.

Why is all this important? Because designing a lidar system to measure some parameter in the

atmosphere requires attention to the physical processes of particle scattering. Note, for example,

that aerosol scattering is strongly peaked in the forward direction (Figure 2), whereas lidar

systems typically observe the 180-degree backscatter. Will the lidar use aerosol or molecular

backscatter, or both, asthe signal source? If using aerosol backscatter, how much contamination

will occur due to Rayleigh scattering? Is the laser wavelength located in a strong absorption line?

All these questions, among many others, drive the fundamental instrument design.

LIDAR TECHNIQUES FOR ATMOSPHERIC MEASUREMENTS



This section provides an overview of lidar measurementcapabilities. This overview is not

intendedto be all-inclusive, but merely to illustrate someof the demonstratedmeasurement

techniquesthat havebeen developed.Thereferenceslisted arenot all inclusive, nor are they

meantto provide anhistorical accountingof the topics. A thoroughand historically complete

compilation of lidar measurementcapabilities can be found in Measures(ref. 8). Selected

referencesareprovidedto facilitate further investigationof particular topicsandare intendedto

showcasea cross-sectionof lidar researchand researchers.The interestedreaderwill find the

referencesausefulstartingpoint for detailedinvestigationof specificsubjects'

AerosolBackscatterLidar

The least complex lidar is the simple aerosolbackscattersystem.Suchsystemsare used to

determinecloud and aerosol boundariesand structure and also to measureaerosol optical

properties, such as optical depth, depolarization, or extinction. Measurementsof aerosol

propertiesare,in general,difficult to obtain.Aerosolsspanawide rangeof sizes,from roughly

about 10-4
gm up to millimeters. The chemical composition of aerosolscan be changedby

reactionswith the measuringdeviceor by evaporationduring the measurementprocess.While

opticaldevicessuchasnephelometerscanavoiddegradingthesample,obtainingaltitudeprofiles

of particlecharacteristicsis aprimary applicationfor lidar.

A considerablebody of researchexistson lidar studiesof cloud and aerosolcharacteristics.

Cirrusclouds,in particular,havelongbeena targetfor lidarresearch.(12)(13)(14)(15)Cirrusand

sub'visualcirrus play akey role in radiativetransferin the atmosphere,are lessoptically dense



thanwater clouds,and caneasilydisplaydynamicfeaturessuchaswave motions.(16)Because

cirrus tend to be optically thin, using radar to study cirrus is problematic becausemost radar

systemslack thesensitivity requiredto seeoptically thin layers.Lidars, in contrast,havegreater

sensitivity to smallparticlesandarewell suitedto studiesof optically thin media.Lidar studies

of aerosoltype andextinction (17)(18)(19)and depolarization(20)(21)(22)(23)havealso been

areasof intenseresearchactivity. Measurementof thedepolarizationratio providesinformation

on the shapeof the scatteringparticle and is useful for determiningthe phase(ice or water) of

clouds.

In addition to vertical profiling capability,spacebornelidar systemswill allow global coverage

for monitoring of variousparameterssuchascloud cover,cloudheight, andaerosoldistribution.

Given thataerosolbackscattersystemsarethesimplestof lidar implementations(havingtheleast

demandingrequirementsfor the laser andreceiver), it shouldnot be surprising that the first

spacebornelidar systemswill be of this type. To date, the only lidar systemthat hasoperated

from a spaceborneplatform wasthe Lidar In-spaceTechnologyExperiment(LITE) onboardthe

SpaceShuttle in 1994.(24)However, two projects areunderway that will lead to operational

globalprofiling of cloudsandaerosols.TheGeoscienceLaserAltimeter System(GLAS) on the

ICESat satellite is scheduledfor launchin 2002-03.(25)The Cloud-AerosolLidar andInfrared

PathfinderSatelliteObservations(CALIPSO),adedicatedcloud-aerosolprofiling lidar mission,

is targetedfor launchin 2004.(26)

DopplerLidar



As early as 1972(11) it wasshownthatparticlemotionsin the atmosphereaccuratelyrepresent

the mean wind velocity. The Doppler shift imparted to light that elastically scattersfrom a

particle is relatedto the line-of-sightvelocity of thatparticle,which is assumedto beequalto the

meanwind velocity. The challengefor a Doppler lidar systemis to resolvethe small Doppler

shifts inherentto atmosphericmotions.For example,if usinga 532 nm source,a meanwind of

10m/s impartsaDopplershift of only 3.5xl 0-5nm.

Thereare two typesof wind-measuringlidar: coherentdetectionand directdetection.Coherent

detection is a heterodyningtechniquethat mixes the return signal with a secondlaser beam,

usuallya local oscillatoroffset in frequency.(27)(28)(29)Themixing generatesabeatfrequency

that is related to the Doppler shift. Coherentsystemsoperateby comparingthe phaseof the

backscatteredsignalwith thephaseof thereferencelaser.To maintainphasecoherenceimposes

a limitation on thecoherentmethod:it requiresphasecoherenceacrosstheentirefield of view of

thereceivingoptics.This demandsdiffraction-limitedopticsandthus limits themaximumsizeof

thereceivingtelescope.

Both coherentdetectionanddirect detectionDoppler lidarsrequire laserswith goodfrequency

stability. Coherentsystemsoperateat longerwavelengths,typically 2 lamor greaterbecause

diffraction limited opticsaremorechallengingat shorterwavelengths.Unfortunately,operation

at longer wavelengthsdependson larger sized particles for effective scattering,which is a

limitation consideringthat the concentrationof largerparticlesdrops off rapidly with altitude.

Coherentdetectionworks only when aerosolparticles of adequatecross-sectionare present.



However,providedthe aerosolscatterersarepresent,theaccuracyof the coherent measurement

can be high.(30)

In contrast, direct detection relies on directly sensing the Doppler shift by measuring the

wavelength shift of the return signal. The laser wavelength is measured before the atmosphere

affects the pulse to determine a zero-wind reference. Subsequent measurements of the

atmosphere-scattered light will reveal a wavelength offset that is proportional to the Doppler

shift. Fabry-Perot interferometers are usually employed to produce the desired spectral

resolution. The direct detection method does not require diffraction-limited optics or phase

coherence, so there is no limitation on telescope size. Direct detection Doppler lidars can operate

at shorter wavelengths where aerosols are more prevalent. Several lidar groups have successfully

used this approach.(11)(311)(32)(33)(34) Direct detection can also use capitalize on the ubiquity

of molecular backscatter. Using Rayleigh scattering as the spectral source permits measurements

in aerosol-free conditions, although with reduced accuracy due the greater spectral

width. (35)(36)(37)

Raman Lidar

Unlike Mie scattering, Raman scattering is an inelastic scattering process. This means the light is

absorbed and re-emitted at a different frequency rather than scattering back at the original

frequency. The Raman technique is useful because different chemical species will behave

differently when influenced by light of a given frequency. The difference in energy between the

absorbed and emitted light will be characteristic of the scattering molecule, and is associated



with a vibrational or rotational energychange.Thus, with proper choice of laserwavelength

Ramanlidars can measurethe relative abundanceof certain chemical species. Water vapor

content of the atmosphere is a common measurement by Raman lidar.(3 8)(3 9) Other parameters

that can be measured using Raman lidar include ozone (40) and temperature.(41)(42)

A limitation for Raman lidar is that Raman scattering cross-sections are small, thus limiting the

usefulness of this technique to measuring major constituents (water vapor, ozone, nitrogen).

Raman scattering has the same )_-4 dependence as Rayleigh scattering, but Raman scattering

cross-sections are at least two orders of magnitude smaller than Rayleigh scattering cross-

sections.(43) Also, because the Raman backscattered signal is so weak, careful consideration

must be given to eliminating the elastically-backscattered signal.

Resonance Scattering Lidar

Resonance scattering is frequently used to study trace constituents in the atmosphere. To effect

this lidar method, the laser wavelength is matched to the (known) wavelength of an atomic

transition. Thus, light incident on the atom will excite the atom to a higher energy state and the

atom will then re-emit at the same wavelength. However, there will be a time delay before the

reemission occurs that corresponds to the radiative lifetime of the transition. This is an effective

technique in certain areas of the upper atmosphere where the laser light will not be affected by

other scatterers. An example is the sodium layer that resides inthe 80-105 km altitude range. By

matching the laser wavelength to that of a particular transition in the sodium atom, temperature

measurements based on thermal broadening of the laser line can be made through that



region.(44)Unlike Ramanscattering,resonancescatteringcross-sectionstend to berather large.

Thereturnsignalcanstill be limited, however,by collisional quenchingof theatomicenergy.

High SpectralResolutionLidar (HSRL)

High spectral resolution lidar (HSRL) has the capability of separatingthe return signal into

aerosoland molecularcomponents.In this way, Rayleighscatteringcanbe removed,leaving

only the aerosol signal and thereby allowing a direct determination of the aerosol extinction and

optical properties.(45)(46) The HSRL lidar technique is capable of providing measurements of

aerosol properties including- optical depth, extinction cross section, backscatter cross section,

and, in certain conditions, backscatter phase function.

To understand the necessity of high resolving capability recall that the spectral signature of

Rayleigh scattering is on the order of 2 GHz @10 -3 nm) as shown in Figure 3. The aerosol

linewidth, in contrast, is virtually a delta function (on the order of 10 MHz, or 10 .5 nm). The only

way to isolate the aerosol spectral shape is to use a Fabry-Perot interferometer or other narrow

filter, such as an iodine absorption cell. A complicating factor for this lidar technique is the laser

linewidth. Most pulsed lasers have a finite spectral width that is much greater than the aerosol

linewidth, so special attention is required to ensure that the laser spectral width remains small

and does not compromise the aerosol-Rayleigh separation. Generally, frequency-stabilized

injection-seeded lasers are required to produce a linewidth narrow enough to enable the HSRL

measurement.



Differential AbsorptionLidar (DIAL)

Differential Absorption Lidar (DIAL) techniquesuse two or more wavelengthsto measure

concentrationsof certainchemicalspecies.Typically, one of the laserwavelengthsis chosento

correspondto thepeak of an absorptionline of the chosenchemical species.The secondlaser

wavelengthis chosento beslightly offset from thepeakof theabsorptionline. Bothwavelengths

areusedto probethesamevolumeof atmosphere,sotheratio of the backscatteredintensitiesis

relatedto the concentrationof thechemicalspecies.Watervapor and ozoneare two commonly

measuredatmosphericconstituents.(39)(47)(48)(49)Pollution monitoring alsoreliesheavily on

the DIAL techniquefor measurementsof speciessuchas carbonmonoxide,nitrogen dioxide,

sulfurdioxide,andotherconstituents.

DIAL techniques do have a couple of limitations that should be considered. First, the

measurementis dependentonaccurateknowledgeof theabsorptioncoefficientfor theparticular

absorbinggas.Second,sincethe lasermustbeaccuratelytunedto theabsorptionline, the width

of the absorptionline mustbe considered.(39)Theseissuesnotwithstanding,the DIAL method

allows measurementof variouschemicalprofiles from thegroundup to about50km, rendering

it apowerful remotesensingtechnique.

LaserAltimetry andOtherMeasurements

Therearemanyothermeasurementapplicationsfor lidar andlidar-relatedtechniques.A few of

thoseapplicationswill bementionedhere,but this is not intendedasanexhaustivecompilation.



Topographicprofiling, or laseraltimetry, is an important applicationthat is similar to standard

lidar measurementsbut usesshort laserpulsesand electronicswith fast sampleratesto obtain

centimeter-typevertical resolution.Topographicprofiling systemshave beenused for terrain

mapping,(50)vegetationcanopymapping,(51)andmeasurementsof icesheetevolution.(52)The

Mars Orbiter Laser Altimeter (MOLA) hasprovided unprecedentedmapping of the Martian

surface.(53)Lidar observationsof oceansurfacesusing a laserflourospectrometercanprovide

data for use in phytoplankton and ocean color studies.(54)(55) Oceanwave displacement

measurementsareusefulfor oceanroughnessandmotion studies.(56)

FUNDAMENTALS OF LIDAR

Thereare two fundamentalfactors that enablelidar measurements:laserswith discretepulses

and the constancyof the speedof light. Temporal isolation of the light pulseunambiguously

determines the region of atmosphere that contributes to the detected signal. Figure 4

schematicallyillustratesthe lidar timing concept.As the laserpulse is emittedandpropagates

throughthe atmosphereit is elementaryto determinehow far the pulsehastraveledin a given

time. If the altitude resolution (also called rangeresolution,or rangebin length) of the lidar

systemis Ar, then the range bin length can be written as Ar = ct/2. The factor of 1/2 accounts for

the fact that light must make a round trip over the distance Ar and also leads to the old joke that

"lidar light only travels half as fast as normal light." Thus, if the altituderesolution of the system

is 150 m then it takes 1 lasec for the laser pulse to cover the round trip distance.



A commonmisconceptionaboutthe lidar techniqueis that signalcanonly bemeasuredfrom one

rangebin per laserpulse.In fact, oneof thestrengthsof lidar remotesensingis thatsignal canbe

measuredfrom all rangebins (up to the limit of signal attenuation)from eachlaserpulse. In

practice, fastelectronicsareusedto countthe detectoroutput signalover the temporalduration

of a rangebin. At the endof eachrangebin the electronicsresetto begincountingsignal from

thenext rangebin. Theprocessof countingandresettingat eachsuccessiverangebin is referred.

to asrangegating.Therangebin lengthandnumberof rangebins collectedcanvary according

to the parameterbeingmeasured,desiredvertical resolutionof the measurement,and response

time of thedetectorandelectronicsbeingused.

By their very naturelidar systemsprovidemeasurementsover a volume, rather than the point

measurementsassociatedwith in situ instruments. Lidar measurementsare thus more

representativeof the atmosphericstate since spatially averagedmeasurementsminimize the

effects of turbulence and localized structure. The volume being averagedcanbe varied by

changing the range bin length (integration time) and the receiver field of view. Scanning

telescopes,or useof multiple telescopes,can increasethevolumebeing probed.Also, because

the telescopefield of view hasagiven divergenceangle,thevolumebeingaveragednecessarily

increaseswith distancefrom thetransmitter,ascanbeseenfrom Figure5.

Thereceivingtelescopeandthe outgoinglaserbeamcanbesituatedside-by-side(i.e., biaxially)

or the laserbeamcanexit alongthe sameoptical axisasthetelescope(i.e., coaxially).Figure 6

illustratesthegeometryof bothapproaches.Thecoaxialarrangementwill achievefull overlapof

the transmitter and receiver at near range whereasthe biaxial arrangmentwill achieve full



overlapat greaterdistances.Theterm overlaprefersto thefraction of the transmittedbeamcone

falling within the receiver field of view and describes the fact the telescope cannot

simultaneouslybe focusedat all ranges.Alternately,theoverlapfunction describesthegeometric

probability that light scatteredfrom a certainrangewill reachthe detector.The rangeat which

full overlapoccursis dependentupon severalparameters,including the telescopefield of view,

laserbeamdivergence,temporalshapeof the laserbeam,obscurationdueto telescopesecondary

mirror, andseparationof the laserandtelescopeaxes.As shownin Figure6, it is obviousthat in

the near field region the overlapwill be less than unity. If calibratedmeasurementsare to be

obtainedin this region then the overlapmust be calculatedand usedto correct the measured

signal.It is alsoobviousfrom Figure6 that for bestefficiencythelaserbeamdivergencemustbe

smallerthanthetelescopefield of view.A full mathematicaltreatmentof theoverlapcalculation

canbe foundin Measures(ref. 8).

TheLidar Equation

A singlemathematicalexpressiongovernslidar remotesensing.Known asthelidar equation,the

expressionrelatesthe backscatteredsignal to the instrumentalparameters,optical propertiesof

the atmosphere,andgeometricalfactors.An excellentderivationof the lidar equation,starting

from basicphysicalprinciples,canbe found in textsby Liou (ref. 7) andMeasures(ref. 8). The

basicscatteringlidar equationdescribesthenumberof photons,N(r), detectedfrom ranger:

E_,
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where the variables are defined as follows (dimensionality of the variable is given in

parentheses)-

r is the distance to the scattering particle (m),

ET is the transmitted laser energy (J),

is the laser wavelength (m),

h is Planck's constant (J s),

c is the speed of light (m/s),

AT is the telescope area (m2),

Ar is the range bin length (m),

QE is the detector quantum efficiency,

To is the system optical efficiency,

OA(r) is the transmitter-receiver overlap function,

PA(n,r) is the aerosol backscatter phase function (sr-m),

PM(X,r) is the molecular backscatter phase function (sr-1),

_A(r) is the aerosol volume total scattering coefficient (m-a),
l

J3M(r) is the molecular volume total scattering coefficient (m-l),

_(r) is the volume total extinction coefficient (rel),

BD is background signal due todetector thermal noise, and

Bs is background signal due to solar (i.e., non-laser) photons.



The lidar equation as given aboveis the simplest form and is correct for a single scattering

atmosphere(e.g., effectsof multiple scatteringhave beenneglected).For more complicated

measurementsthe equationis modified by inclusion of additional instrumentaland/orphysical

parameters(which have been suppressedin the aboveequation).As an example,to describe

Dopplerlidar atermrelating to thewavelengthshift mustbeexplicitly included.Also, implicit in

theequationis anassumptionthat therangebin length, Ar, is muchgreaterthan the laserpulse

length. A further important point is that the parameters13(r),P(x,r) and cy(r) are taken to be

implicit functions of wavelength.

Variables in the above equation are grouped in a specific way to illustrate different contributions

to the detected signal. The first grouping in brackets consists entirely of instrumental parameters.

The term _/hc converts the laser energy to number of photons (the lidar equation can also be

written in terms of power transmitted and power retumed rather than photons). The second set of

, brackets, Ax/r 2, describes the solid angle viewed by the receiver. Typical lidar observing

geometry is shown in Figure 6, and Refs. 7 or 8 can be consulted for a derivation of the geometry

and the lidar equation.

The third set of brackets specifies the atmospheric physics. The term P(x,r)*13(r) describes the

scattering at the particle, from either molecules or aerosols. The phase function, P(x,r), describes

the distribution of scattered energy and is defined as the radiation per unit solid angle scattered in

a particular direction divided by the average radiation scattered in all directions. In this

derivation the phase functions are normalized to 4x"

1

4n ff P(O, (_) sinO dO dO - 1



If P(0, _))sin 0 dOd_ - 4re

Hence,the factor 4rein the denominatorof the lidar equationnormalizesthe scatteringphase

function overall angles.The volumetotal scatteringcoefficient, [3(0, expressesthetotal areaof

the incidentwave front actedonby theparticles in a unit volume.Note that thephasefunction

andthe volume total scatteringcoefficient areoften showncombinedinto the volume angular

backscattercoefficient,]3(rc,r)= (P(rc,r)/4n)*13(r).

Finally, the exponentialterm describesthe effect of attenuationthat occursasthe laserpulse

propagatesfrom thetransmitterto thescatteringparticleandback to the receiver.Known asthe

Beer-Bouguer-Lambertlaw, the exponentialterm describesattenuationthat occursdue to the

interveningatmosphere.The volumetotal extinction coefficient, cy(r),describesthe ability of a

volume of particlesto removeflux from the incident light beam.The attenuationcanbe dueto
..

r

-2 IS(r') _(r') dr'

e o

both scattering and absorption by both aerosols and molecules. In many cases it is acceptable to

neglect absorption, in which case the volume total extinction coefficient reduces to cy(r) = [3A(r) +

_M(r). If, however, measurements such as differential absorption (e.g., DIAL) are being

considered then the attenuation term requires much more careful treatment.

Examination of the basic scattering lidar equation illustrates several important characteristics of

lidar performance. First, the number of detected photons is directly dependent upon several

instrumental parameters. Increasing the laser pulse energy, increasing the telescope size, or

increasing the detector efficiency all lead to an increase in detected photons. However,



increasing the laserpulseenergymay not alwaysbepractical dueto limitations of the laseror

eyesafetyconsiderations.Instead,mostlidar systemsoperateby performingpulseaccumulation,

or shotaveraging,wherebymultiple laserpulsesaresummedto produceonemeasurement.Pulse

averagingis useful to overcome,for example,the solarbackgroundsignalthat degradesa lidar

measurement.In somecasesit is beneficialto uselaserswith high repetition ratesbut low pulse

energy, which an be particularly useful in cases where photon-counting detection is

used.(57)(58)

It easilyseenthat therearetwo separatecontributionsto the detectedbackscatteredsignal: one

from aerosolsand one from molecules.Thus, in regionswhere aerosolsarenot present, the

detectedbackscatteredsignalwill bedueonly to Rayleighscattering.Two othercontributionsto

the total measuredsignal are detectorthermal noise and solar backgroundnoise. Either can
• .

become large enough to overwhelm the backscattered signal and render a measurement useless.

To reduce solar background interference filters are used or, for more stringent filtering

requirements, narrower filters such as Fabry-Perot interferometers may be used in conjunction

with the interference filter'

Examination of the lidar equation also highlights the difficulty encountered in inverting lidar

data the scattering lidar equation is underdetermined. The atmosphere contributes to the detected

signal by providing scattering at the particle and by attenuating the signal as it travels from the

transmitter to the particle and back to the receiver. The extinction is seen to depend on the

backscatter coefficient but in an integral form. Solutions to the equation therefore always require

an assumption or a priori information to attain a solution. The functional dependence on both the



aerosoltotal volumebackscattercoefficient andthevolumetotal extinction coefficienthaslong

beena stumblingpoint for lidar researchers.

Severalapproacheshavebeenusedto solvethe lidar equation,somemoresuitablethanothers.A

simple approachis to useatmosphericmodels to calculatecy(r).While simple, this method is

unacceptablefor quantitativestudiesof aerosolimp.actonclimate.An improvedmethodrelieson

having an independentmeasureof _A(r) that can be used to solve the lidar equation at one

altitude. Solutions at subsequent altitudes can then be obtained by differentiation of the

profile.(59) This so-called slope method works well unless inhomogeneities, such as clouds or

smoke plumes, are present. A less problematic approach is to start at high altitudes, where

Rayleigh scattering dominates, and use backwards integration to solve for ]3A(r) at successively

lower altitudes.(60)(61). The now-common method for solving the lidar equation is to assume an

aerosol extinction-to-backscatter ratio, SA(r) = (YA(r)/[3A(r). The ratio can be taken as constant

over altitude, or allowed to vary by altitude. Choice of SA is highly dependent upon the

atmosphere being measured (e.g., continental, marine, smoke, etc.) and is also wavelength

dependent.(62)

CONCLUSION

The proliferation of lidar systems since the 1970' s is testimony to the utility of lidar remote

sensing. However, lidar remote sensing is not without limitations. Lidar instruments are

expensive, driven by the cost of lasers custom designed to meet specific measurement needs.

Ground-based lidar systems do not provide useful measurements in rain or snow, and lidar



signalscannotpenetratedenseclouds (anoptical depth of about 5 is the maximum that can

usually be penetrated).Eye safetyis alwaysa concern,both in the laboratoryand for aircraft

flying above(andfor airbornelidars,eyesafetyfor groundobserversis aconcem).

Limitations notwithstanding,lidar providesa powerful tool for atmosphericstudies.The ability

to remotelymeasuretheatmosphericstatefrom the comfortof a laboratoryis aprime advantage

for lidar. Measurementof particulatecharacteristicsby lidar canbe much lessdisruptive thanin

situ methods(e.g., sedimentation,filtration, or inertial impaction). The incident laser light does

not change the chemical composition or physical characteristics of the particle, and the physics

of light-particle interactions is well known. Lidar systems are inherently volume sampling

instruments, capable of providing representative measurements in a turbulent atmosphere. The

highly collimated beam and short pulse length available from most lasers means the lidar can

sample a specific vertical increment of atmosphere. Of course, the ability to provide altitude

profiles of atmospheric variables is the most significant advantage for lidar remote sensing.

The utility of lidar for measuring profiles of atmospheric state variables is well demonstrated.

The number of ground-based and airborne lidar systems has been steadily increasing since the

1970s when lasers first became widely available. The variety of parameters measured with lidar

continues to increase, and surely the potential for new lidar measurements is not yet exhausted.

Soon, spacebome lidar systems will allow global profiling of clouds and aerosols, with other

spacebrone lidar measurements certain to follow.
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RECEIVER FIELD OF VIEW

Figure 1" Basic concept of lidar remote sensing. The lidar system transmits laser light to
the atmosphere where it is scattered by aerosols and molecules. Some fraction of the

scattered light finds its way back to the receiving telescope where a receiver and

detector(s) can analyze the information content of the signal.
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Figure 2" Scattering phase functions describe the pattern of energy scattered by

particles. Larger particles generate more complex scattering patterns.
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Figure 3" Spectral signatures of aerosol and molecular scattering. The molecular

scattered signal is Doppler-broadened due to random thermal motions. Aerosols, in

contrast, are heavier and have little thermal motion, thus the aerosol scattered signal is
not appreciably broadened.
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Figure 4" Pulsed lasers allow range resolution of the atmosphere. Because laser radiation

propagates through the atmosphere at the speed of light, return signal can be measured in

discrete path length elements. In this way the atmospheric state at each altitude increment
can be independently measured.
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Figure 5" Lidar observing geometry. Ar is the range bin length, AT is the telescope area,

and Ar is the cross-sectional area of the laser beam at range r.





BI-AXIAL LIDAR GEOMETRY COAXIAL LIDAR GEOMETRY

Figure 6" Lidar viewing geometry for bi-axial and coaxial systems. Note that the coaxial

system attains full overlap at lower altitude than the biaxial system.




